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Abstract

A thin film of poly(4-methylpentene-1) (P4MP1) was prepared on a quartz substrate, which was a model system of an
interface in filler-reinforced semicrystalline polymer composites. Grazing-incidence wide-angle X-ray diffraction
measurements revealed that PAMP1 in the thin film after isothermal crystallization formed a Form I crystal polymorph
composed of a tetragonal unit cell with a 7, helix, in which the chain axis was oriented along the direction parallel to the
quartz interface. Combining sum-frequency generation vibrational spectroscopy with molecular dynamics simulation
enabled us to gain access to the local conformation of PAMP1 chains at the quartz interface and the changes that occurred
with isothermal crystallization. Finally, the way in which the initial chain orientation at the substrate interface impacted the

crystalline structure in the thin film was discussed.

Introduction

Polymer materials containing a filler such as carbon black,
silica particle, or talc, or polymer composites, have been used
in a wide variety of technological applications. Many
experimental and theoretical studies have hitherto revealed
that the physical properties of polymer composites are
dependent on to what extent the filler is fed and how it is
dispersed [1-28]. Additionally, in the case of composite
materials using a semicrystalline polymer, the filler generally
plays an additional role as a nucleating agent [29-31]. When
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glass fiber was mixed into polyolefin, a transcrystalline phase
was formed in the interfacial region [32, 33]. Additionally, a
peculiar crystalline phase was formed in a polypropylene/
silica nanocomposite [34]. Thus, the aggregation states of
semicrystalline chains at an inorganic solid interface are of
pivotal importance to obtain a better understanding of poly-
mer composites.

Sum-frequency generation (SFG) vibrational spectroscopy
is one of the most powerful tools to examine the interfacial
aggregation states of polymer chains and provides the best
depth resolution among the available techniques [35-38]. We
have applied this technique to study the local conformation of
polystyrene, poly(methyl methacrylate), polyisoprene and
styrene-butadiene rubbers in films at interfaces with inorganic
solids [39—47]. As a general trend, when a thin film is pre-
pared on a solid substrate by the spin-coating method, the
chains are aligned in-plane at the substrate interface mainly
due to centrifugal force [42, 43, 46, 47]. Additionally, the
thermal relaxation of the chains at the substrate interface is
difficult to attain even at a temperature higher than the bulk
glass transition temperature (1y) [42, 43, 46, 47]. Such
relaxation is challenging because the chain dynamics are
much slower in the interfacial region than in the bulk [48-52].

When SFG is applied to a film with clear interfaces,
signals can be generated from the internal interfacial regions
in addition to the air and substrate interfaces because the
centrosymmetry at such internal interfaces is also broken.
This is the case for semicrystalline polymers such as crys-
talline S-chitin [53], cellulose [54], collagen [55] and poly
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(lactic acid) [56]. In addition, for a noncentrosymmetric unit
cell, the transition dipoles of molecular vibrations possess
net polar ordering within individual crystallites [53]. This
ordering leads to unique selection rules, which are useful
determining chain packing in a bulk crystalline phase with
low symmetry. However, this feature can be a disadvantage
for the characterization of semicrystalline polymers at the
air and substrate interfaces. Thus, when SFG is applied to
semicrystalline polymers, it is necessary to consider where
the signals are generated from.

Here we examine the local conformation of a semi-
crystalline polymer, poly(4-methylpentene-1) (P4MP1) [57],
in a film at the interface with a quartz substrate by SFG in
conjunction with atomistic molecular dynamics (MD) simu-
lation. Using grazing-incidence wide-angle X-ray diffraction
(GIWAXD) measurements, way in which the interfacial
structure impacts the crystalline structure and orientation of
P4AMP1 in the thin film is also discussed.

Experimental section
Materials

As a material, isotactic PAMP1 supplied by Mitsui Che-
micals, Inc. Chiba, Japan was used. The weight-averaged
molecular weight and polydispersity index were previously
determined to be 270k and 3.2, respectively, by gel per-
meation chromatography with polystyrene standards. The
melting temperature of PAMP1 was 513 K by differential
scanning calorimetry (DSC6220, SII Nanotechnology Inc.)
with a heating rate of 10 Kemin". Films of P4AMPI for
GIWAXD and SFG were prepared by dip-coating and spin-
coating methods, respectively, from a p-xylene solution
kept above 383 K onto quartz prisms, quartz windows and
Si wafers kept above 373 K. The quartz substrates were
cleaned by a piranha solution, i.e., a mixture of H,SO,4 and
H,O, (70/30 v/v), at 363 K for 2h. Then, the substrates
were thoroughly rinsed in deionized water and dried by
nitrogen. The silicon wafers were cleaned by irradiation by
vacuum ultraviolet (VUV) light for 10 min at room tem-
perature under 50 Pa. A PAMP1 film was partly scratched
by a blade, and the step height between the film and sub-
strate surfaces was examined by atomic force microscopy
(AFM). The resulting value was postulated to be the film
thickness. To prepare a film sandwiched between quartz
substrates for SFG, two films prepared on a quartz prism
and window were attached together in face-to-face geo-
metry at 533 K. The films for GIWAXD measurements
were isothermally crystallized at 473K for 2h under
vacuum. The films for SFG measurements were melted at
533 K and isothermally crystallized at 500 K for 2h in a N,
atmosphere.
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Characterization

The crystalline structure of PAMP1 in a thin film was dis-
cussed on the basis of GIWAXD measurements performed on
the BLO3XU beamline at SPring-8, Japan [58, 59]. The
incidence angle of the X-rays with a wavelength (4) of 0.1 nm
was chosen to be 0.14°, which was larger than the corre-
sponding critical angle of 0.09°. Thus, the diffraction pattern
so obtained reflects the internal structure of the film. A sector-
averaged diffraction pattern was obtained from a two-
dimensional GIWAXD pattern as a function of scattering
vector g (= 4nsinb,/ 1), where 20; is the scattering angle.
The aggregation states of PAMP1 in a film at the sub-
strate interface were examined by SFG. The visible beam
with a wavelength of 532 nm was generated by frequency-
doubling the fundamental output pulses from a picosecond
Nd:YAG laser (PL2250-10-B, EKSPLA). The tunable
infrared (IR) beam was generated from an EKSPLA optical
parametric generation/amplification and difference fre-
quency generation system based on LBO and AgGaS,
crystals. SFG spectra were collected with visible and IR
beams traveling through the prism and overlapping at the
center of the sample. The incident angles of the visible and
IR beams were 55° and 65° from the surface normal,
respectively. The intensity of the SFG signal (Isgg) is pro-
portional to the square of the absolute value of the effective
sum-frequency susceptibility tensor of the interface (yeq>):

2
IvisIIR ( 1)

2
X <<eff>

IspG o

where I,;; and I are the intensities of visible and IR lasers,
respectively. Thus, the SFG intensity was normalized to
those of the original visible and IR beams. Here, ;{eff(z) can
be described by the following equation:

)

) _ Q) Aq
Xefi = ANR Eq :wIR g + 1T (2)

where yng® originates from the nonresonant background. Ag
wq and Iy are the peak intensity, resonant frequency and
damping coefficient, respectively, for the ¢™ vibrational
mode. The peak intensity of each component was determined
by curve-fitting using Eqs. 1 and 2. The measurements were
carried out at room temperature with the ssp (SF output,
visible input, and infrared input) polarization combination.
The interfacial aggregation states of PAMP1 were also
validated through MD simulations using the software
package Materials Studio 2017R2 (Dassault Systéemes). The
density of isotactic PAMP1 with a degree of polymerization
of 150 was calculated to be 0.82gecm™ based on MD
simulations with the canonical NPT ensemble in the bulk.
Then, PAMP1 chains were filled into an amorphous cell,
which was structurally optimized for 1 ns in the canonical
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Fig. 1 (a) A two-dimensional GIWAXD pattern, (b) a sector-averaged
one-dimensional GIWAXD pattern from 0° to 180° and azimuthal
plots for (¢) (200) and (d) (220) diffractions for a PAMPI film. (e) A

NVT ensemble. A shear rate of 4 nmeps™ was applied to the
PAMP1 chains to create an initial chain conformation. To
model the quartz surface, a SiO, lattice was first derived
from the structural database. A repeating unit of SiO, was
cleaved along the (001) crystallographic orientation, leading
to the formation of a surface consisting of oxygen. Then,
unsaturated oxygen atoms at the surface were capped by
hydrogen atoms. Next, a vacuum slab with a thickness of
5 nm was created between the two surfaces to fill two chains
in the space so that the lattice size was 3 nm X 3 nm in the
xy-plane and 5nm along the z-axis. Finally, the polymer
layer formed in the amorphous cell was placed between the
Si0O, surfaces to produce the initial construction. The MD
simulations were conducted in the following two steps by
the Forcite module using the PCFF force field [60, 61].
First, the system was evolved at 537K for 1 ns so that the
chains could be easily moved to promote the relaxation
process. Second, the system was aged at 298 K for 1 ns for
analysis of the steady state. The integration step was set to
0.5 fs. A Berendsen loose-coupling thermostat was chosen
for finite temperature control of the system. Van der Waals
and electrostatic interactions were calculated using a group-
based method, and the cut-off distance was 1.25 nm.

Results and discussion
Crystalline structure in the thin films

Figure la, b show a two-dimensional GIWAXD pattern
for a PAMP1 thin film with a thickness of ~100 nm and

unit cell for the Form I polymorph of P4AMPI. (f) Schematic repre-
sentation of the crystalline orientation in the PAMP1 film

a sector-averaged diffraction intensity from panel (a),
respectively. Diffraction peaks were observed at g values
of 6.7, 9.5, 11.5 and 13.0 nm’". It has been reported that
P4MP1 shows the so-called crystalline polymorphic
phases Forms I, II, IIT and IV [57, 62-67]. Table 1 collects
data reported by Tadokoro considering the crystalline
structures, typical hkl Miller indices and corresponding g
values of the reflections in the X-ray diffraction patterns
for PAMP1 [57, 62—67]. Comparing our data shown in
Fig. 1b with Table 1, it can be claimed that PAMP1 in the
thin film formed the Form I phase, which was composed
of a tetragonal unit cell with @ = 1.87 nm and ¢ = 1.38 nm.
Panels (c) and (d) of Fig. 1 show azimuthal plots for (200)
and (220) extracted from Fig. 1a. While (200) diffraction
was predominantly observed at 90°, (220) diffraction was
observed at 45° and 135°. This means that (200) and (220)
were oriented parallel to the surface and diagonal in the
aa-plane of a tetragonal unit, respectively, as shown in
Fig. le, f. In this case, the c-axis, or fiber axis, is parallel
to the surface. The crystalline orientation and the aggre-
gation states of the chains at the substrate interface are
discussed in a later section using SFG in conjunction with
MD simulation.

Local conformation at the quartz interface

It was first confirmed whether SFG signals were generated
from the internal regions of the PAMPI film. Tadokoro,
using XRD, also reported that the space group for Form I
of PAMPI is P4b2 [43]. This is a centrosymmetric space
group, which possesses eight general equivalent positions,
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Table 1 Crystalline structure of P4AMPI1 reported by Tadokoro considering typical 4kl Miller indices and the corresponding ¢ values in X-ray

diffraction patterns

Form II

4, helix, monoclinic
(a=1.049, b=1.889,
c=0.713nm, y =113.7°)

Form I
7, helix, tetragonal
(a=1.866, ¢ =1.380 nm)

Form III
4, helix, tetragonal
(a=1.946, ¢ =0.702 nm)

Form IV
3, helix, hexagonal
(a=2.217, ¢ =0.65nm)

(hkl) g/ nm’ (hkl) g/ nm’ (hkl) g/ nm’ (hkl) g/ nm’
200 6.72 100 6.54 200 6.47 110 5.73
220 9.50 020 7.32 220, 101 9.17 200 6.69
131 11.58 120 7.71 211 11.50 210 8.60
122 11.87 011 9.38 400, 301 12.98 310 11.64
321 12.96 111 10.55 420, 321 14.63 211 12.91
021 11.57
111 12.20
200 12.94
6.0 @2872cm"(CHas) Figure 3a shows an SFG spectrum with the ssp polar-
Q o 50 L5 ization combination for an as-spun P4AMP1 film with a
g 2 | total thickness of approximately 400 nm. Open circles
I % 40 © denote experimental data, and dotted curves are lines of
‘_E" 5 30 o best-fit obtained using Eqgs. 1 and 2. A solid curve is the
g || © sum of dotted curves. Following the aforementioned dis-
20 P S - cussion, it can be claimed that the origin of the spectrum
0 200 400 600

Film thickness / nm

Fig. 2 Thickness dependence of the SFG intensity at 2,872 cm™ cor-
responding to the symmetric C-H stretching vibration of methyl
groups (CH3s)

a glide plane and 4-fold rotoinversion symmetry. On the
other hand, SFG signals can be generated at interfaces
where the centrosymmetry of the space is broken. Thus, it
seems likely that SFG signals are not generated from the
internal bulk region of the PAMPI1 film. To confirm this
hypothesis and to judge which interface was primarily
probed, the intensity of the SFG signals from the PAMP1
film was examined as a function of thickness. To regulate
the film thickness as desired, a spin-coating method was
applied here. Figure 2 shows the result for SFG signal at
2872 cm’!, corresponding to the symmetric C—H stretch-
ing vibration of methyl groups (CH3s), as shown in Fig. 3.
The intensity decreased with increasing film thickness. As
the PAMP1 film thickness increased, the absorption of the
IR beam in the film increased, resulting in a decrease in
the intensity of the SFG signal from the interface located
on the side opposite that where excited light enters. Thus,
Fig. 2 supports our hypothesis that the SFG signals gen-
erated from the internal region of the PAMP1 film are
trivial, if any.

SPRINGER NATURE

is PAMP1 at the quartz interface. The peaks observed at
2847 and 2935 cm™ were assigned to the symmetric and
antisymmetric C—H stretching vibrations of methylene
groups (CH,s and CHjas) [68]. The peaks at 2872
and 2967 cm’! were assigned to the symmetric and anti-
symmetric C—H stretching vibrations of methyl groups
(CH3s and CHsas) [68]. A peak observed at 2908 cm’!
seems to be from the C-H stretching vibration of methyne
groups [68].

To discuss the local conformation of PAMPI1 at the
substrate interface, isopropyl groups (-C(CHj3),) are exam-
ined here. The SFG intensity is the square of the second-
order nonlinear optical susceptibility, which is related to the
molecular hyperpolarizability components through the
molecular orientation. An isopropyl group in which two
CH; groups exist and are connected to the same carbon
atom possesses C,, symmetry. Additionally, CH; groups
have Cs3, symmetry. A vector v, which bisects the two CHj
groups, was used to describe the molecular orientation of
the isopropyl group [69-71]. The angle between the prin-
cipal axis of each methyl group and the vector v, i.e., angle
a, is defined to be 54.7°. The tilt and twist angles, 8 and ¥,
of vector v are defined as shown in Fig. 3b. The azimuthal
angle ¢ of each CHj; group is also defined in Fig. 3b.
Assuming that the sample is isotropic in the x—y plane and
the azimuthal angle can be averaged, the second-order
nonlinear susceptibility components of the C—H stretching
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Fig. 3 (a) An SFG spectrum
with ssp polarization
combination for an as-spun
P4MP1 film. (b) A schematic
representation of three angles to
define the orientation of an
isopropyl group. ¢ SFG intensity
ratios of symmetric to
antisymmetric C—H stretching

(a)

SFG signal / a.u.

2750 2850 2950
Wavenumber / cm-!

modes for CH3 groups (I/1,) as
functions of € and y

Fig. 4 Heat maps for possible
and y values of isopropyl groups
at Yoo/ Xssp.as values of (a) 5.1
and (b) -5.1

mode for the isopropyl groups in the lab-fixed coordination
system (Yyxzs» Xyyzs» Xxxzas» Xyyzas) €an be described as:

N
Zyyz,s = Zxxz,s = 2_80 ( aac ﬁccc) { (COS 0— 0053 9)

5+ 3cos2y)(cosa — cos’ a) —2cosa
It I

2N
—2cos 9(cos a — cos® a)} + gﬂaac cos@cosa
(3)

= %ﬂcaa{ [~2cos @ + 3(cos @ — cos® ) (1 + cos 2y))

x (cos a — cos® a) — 2(cos @ — cos® 0) cos® a}

Xyyzas = Xxxzas

(4)

where N is the number density of functional groups detected
at the interface, ¢ is the permittivity of free space, and f,,,
Pece, and P, are the hyperpolarizability components of the
C-H stretching mode of a single CHj group. SBaac, Pece, and
Peaa values of 2.3, 1 and 2.3, respectively, were used here
[71, 72].

Figure 3c shows the calculated yyp o/¥sspas values as
functions of & and y. The yp o/¥spas value can be either
positive or negative depending on the combination of € and
w. When 6 is larger than 41° and y is smaller than 44°, i.e.,
in the right-bottom corner region of Fig. 3¢, yps/XYsspas 1
positive. On the other hand, ysp o/¥sep.as Will be negative if
the condition is not satisfied. The SFG intensity ratio of
CHss to CHjas (Iy/1,) for the spin-coated PAMP1 film was

3050 7

(a) Zssp,s/;(ssp,as =

deduced to be 26.3 from Fig. 3a. Since the SFG intensity
is the square of the susceptibility ratio, as mentioned
above, the experimental ysp o/ ¥sopas value was calculated to
be+5.1.

Figure 4a, b show heat maps of the possible € and yw
values for isopropyl groups. In the maps, a red region
corresponds to the plausible combinations of 8 and y for the
isopropyl groups. The experimental error was approxi-
mately 20%. In the case of the positive yyp o/¥sspas Value
(=+5.1), the possible 8 and y ranges were 46° < and y <
39°. On the other hand, in the case of the negative value
(=-5.1), the possible 8 and y ranges were 32° <6 and y<
50°. Which calculation is more plausible is discussed in the
later section.

Conformational change at the interface upon
isothermal crystallization

We finally come to the conformational change in PAMP1 at
the quartz interface upon isothermal crystallization. Figure 5
shows SFG spectra for the spin-coated P4MP1 film
annealed at 500 K for different times. For comparison, a
spectrum before isothermal crystallization, which corre-
sponds to Fig. 3a, is also shown. The peak for CHsas dis-
appeared at = 15min and then appeared at =45 min.
That is, once the I/ I,; value increased to infinity after ¢ =
15 min, I/1,, decreased to 10.5 and 3.0 at t=45 and
120 min, respectively. Since the yysp o/¥sspas Value can be
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either positive or negative, as shown in Fig. 3c, the change
in the I/ I value will be explained in terms of an increase
or a decrease in 6. However, since the quantitative deter-
mination of € is experimentally difficult, MD simulations
were carried out.

Figure 6a, b show a snapshot of the local conformation
of PAMPI1 in a film and the @ distribution for the isopropyl
groups. Postulating that the chains in the simulation cell
were well relaxed, as mentioned in the experimental section,
the most probable 6 value for the chains in a quasi-
equilibrium state was estimated to be 17°. This value was
smaller than that for the as-cast film, as estimated from
Fig. 3¢, and suggests that the ygp o/¥sspas Value is negative.
Thus, it seems most likely that the change in the I/ I, value
during isothermal crystallization corresponds to a decreas-
ing 6, as shown by a dotted arrow in Fig. 3c. In addition,
Fig. 6a shows a ball-and-stick model in which the sizes of
chemical bonds are emphasized in comparison with the
sizes of atoms. Note that although the polymer density

spin-coated film Hp SS,
1. as cast (/C\(':J'%’ P
2. 15 min [ ’n
3. 45 min HoC HCHs
4.120min cH. s |

CH, s ¥ CH, as CHg

SFG signal / a.u.

S
l»))')J))))))\))DJ)))))))))))V)D)))D\W)?

2750 2850 2950

Wavenumber / cm~!

3050

Fig. 5 SFG spectra with ssp polarization combination for a spin-coated
PAMPI film after annealing at 500 K, or isothermal crystallization, for
various times. For comparison, an SFG spectrum for a corresponding
as-cast PAMP1 film is also shown

(@)

PAMP1 wmp §

quartz = § ‘

Fig. 6 (a) A snapshot of the local conformation of PAMP1 at the quartz
interface after thermal aging for 1ns. White, gray, red and yellow
spheres denote hydrogen, carbon, oxygen and silicon atoms,

SPRINGER NATURE

appears to be lower at the interface than in the internal
region, that is not the case in reality.

The samples for the SFG measurements mentioned
above were prepared by the spin-coating method, which
was suitable to precisely control the thickness. On the other
hand, the sample for the GIWAXD measurement was pre-
pared by the dip-coating method. Since the aggregation
states of polymer chains at the interface in a film depend on
how the film is prepared [42, 43, 46], the local conformation
of a dip-coated PAMP1 film was examined by SFG mea-
surement. Figure 7 shows the SFG spectra with the ssp
polarization combination for the dip-coated PAMPI1 film
before and after annealing under the condition of 473 K for
2h, which is the same as that for the film used in the
GIWAXD measurement. The I/I,; values for the film before
and after annealing were 1.41 and 0.90, respectively. That
is, the value for the as-dip-coated film was different from
that for the as-spin-coated film, corresponding t0 a ¥p o/Xssp,
as Of -1.19. The negative yyp /¥sspas value seems more
reasonable, as discussed above. This indicates that the iso-
propyl groups are more vertically oriented along the
direction perpendicular to the interface than are those in the
as-spin-coated film. In addition, the I/, value for the dip-
coated film decreased with annealing. This trend is in good
accordance with that for the spin-coated film.

In the case of PAMPI, unfortunately, the orientation of
the main chain part cannot be discussed on the basis of the
SFG spectrum because there exist both methylene and
methyne groups in the side-chain portion and an isopropyl
group is connected to the main chain part via a rotatable
C-C bond. The only way to overcome this difficulty is to
use MD simulation. In the case of our current MD simu-
lation, a shear force was first applied to the PAMP1 chains,
and then the chains were placed in a cell. This model
resembles the spin-coating process. Even after aging, the
main chain part of P4AMPI1, which is colored in pink in
Fig. 6a, remained oriented along the direction parallel to the
quartz interface. This molecular picture obtained by the MD
simulation is not inconsistent with the orientational change

0.2

Probability
o

0 L .
0 60 120 180
el°

respectively. Pink spheres and bonds represent main chain parts. (b)
Tilt angle distribution of isopropyl groups at the quartz interface based
on MD calculations
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2.473K, 120 min

CH;s CH, as
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CH,s°° CH Se®
2 \ o 00

v [elNe}

Q
“\\‘“’0‘)‘1 1
mm)\»nm»\)»))Dnn»\)»b‘l )]
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SFG signal/ a.u.

2750 2850 2950
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Fig. 7 SFG spectra with the ssp polarization combination for a dip-
coated PAMP1 film before (as-cast) and after annealing under the
condition of 473 K for 2 h, which is the same as that for the sample
used in GIWAXD

in the side-chain portion upon isothermal crystallization and
is qualitatively consistent with the crystalline structure
obtained by the GIWAXD measurements. Taking into
account all of the above, it seems reasonable to claim that
the orientation of the PAMP1 chains at the substrate inter-
face triggered the formation of the crystal polymorph Form
Iin the thin film, in which the chain axis was oriented along
the direction parallel to the quartz interface.

Conclusions

To obtain a better understanding of the filler effect on the
physical properties of polymer composites, a model inter-
face composed of semicrystalline PAMP1 and quartz was
structurally characterized in this study. PAMP1 in a thin film
on a quartz substrate formed a Form I polymorph with a
tetragonal unit cell, in which the fiber axis was oriented
along the direction parallel to the quartz interface after
isothermal crystallization. Then, interfacial sensitive vibra-
tional spectroscopy was applied to examine the aggregation
states of the PAMP1 chains at the quartz interface. Although
the orientational information for the side-chain portion of
PAMP1 with a depth resolution at a molecular level and the
time evolution during the isothermal crystallization process
were accessible, the technique was not powerful enough to
determine the orientation of the main chain part, which was
difficult to distinguish from that of the side-chain part. On
the other hand, the atomistic MD simulation could express
the orientation of the PAMP1 chain itself in the interfacial
region. Our results show how the initial chain orientation
of PAMP1 at the quartz interface is important for the

successive formation of the crystalline structure. We believe
that this fundamental knowledge will be useful for the
design and construction of nanocomposite materials made
of semicrystalline polymers.
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